Oxytocin receptor (OXTR) acts as a key behavioral modulator of the central nervous system, affecting social behavior, stress, affiliation and cognitive functions. Variants of the Oxtr gene are known to influence behavior both in animals and humans; however, canine Oxtr polymorphisms are less characterized in terms of possible relevance to function, selection criteria in breeding and domestication. In this report, we provide a detailed characterization of common variants of the canine Oxtr gene. In particular (1) novel polymorphisms were identified by direct sequencing of wolf and dog samples, (2) allelic distributions and pairwise linkage disequilibrium patterns of several canine populations were compared, (3) neighbor joining (NJ) tree based on common single nucleotide polymorphisms (SNPs) was constructed, (4) mRNA expression features were assessed, (5) a novel splice variant was detected and (6) in vitro functional assays were performed. Results indicate marked differences regarding Oxtr variations between purebred dogs of different breeds, free-ranging dog populations, wolf subspecies and golden jackals. This, together with existence of explicitly dog-specific alleles and data obtained from the NJ tree implies that Oxtr could indeed have been a target gene during domestication and selection for human preferred aspects of temperament and social behavior. This assumption is further supported by the present observations on gene expression patterns within the brain and luciferase reporter experiments, providing a molecular level link between certain canine Oxtr polymorphisms and differences in nervous system function and behavior.
The domestic dog (Canis lupus familiaris) can be regarded as the most unique domesticated animal from several aspects. Apart from being the only large carnivore ever to have been domesticated (Wayne & vonHoldt 2012) , it is also the first domesticated species (Freedman et al. 2014 , Ovodov et al. 2011 , Pang et al. 2009 , Sablin & Khlopachev 2002 ) that has got subjected to the probably largest-scale -and still ongoing -genetic experiment in human history (Akey et al. 2010 . Breeding practices have generated an extraordinary richness both in morphology and temperament (Drake & Klingenberg 2010 , Wayne 1986 ). For millennia, trait selection was mostly driven by practical reasons, creating an already great variety of phenotypes, which was boosted by the foundation of breed clubs aiming at a strong artificial selection for desired traits (Akey et al. 2010 .
Singular skills of individual breeds, however, can hardly provide a complete explanation to how and why the domestic dog has gained its special place in human society; valued in modern times principally as companion instead of servant and worker. Most probably, what lies at the very core of this phenomenon is rather similarity and only to a lesser extent divergence. Similarity between individual dogs across breeds, and, even more importantly, similarity between dog and man in terms of social behavior, cognition and communication (Topal et al. 2009 . Several observations underpin the parallelism between social-cognitive skills of dogs and human infants, and evidence also suggests that dogs share a similar attitude to their owners as young human children to their parents (Horn et al. 2013) . Moreover, it has recently been shown that mechanism of processing emotional auditory information in the brain is alike in dog and man (Andics et al. 2014) . Efficient inter-specific communication and an at least as strong bonding to humans than to conspecifics seem to be inherited features critical in differentiating the domesticated dog from wolves (Miklosi and Topal 2013 , Persson et al. 2015 , Viranyi et al. 2008 . Nevertheless, the questions remain: which pathway of the nervous system could mostly be affected, and do behavioral differences characteristic to breeds or individual dogs reflect variations within this system? Given its key role in social behavior, affiliation and memory, the oxytocin system seems to be a perfect candidate when looking for an answer. Higher levels of oxytocin in cerebrospinal fluid, plasma and urine have been linked to positive social emotions in a variety of mammals (Haller et al. 1996 , Insel & Hulihan 1995 , Mitsui et al. 2011 , Nakajima et al. 2014 , Odendaal & Meintjes 2003 , Parr et al. 2013 , Winslow et al. 2003 , Zelkowitz et al. 2014 , and polymorphisms of the human oxytocin receptor gene (Oxtr) have been found in association with a wide range of social-cognitive skills (Bakermans-Kranenburg & van Ijzendoorn 2008 , Buffone & Poulin 2014 , Connelly et al. 2014 , Creswell et al. 2014 , Lucht et al. 2009 , Peltola et al. 2014 , Rodrigues et al. 2009 , Saphire-Bernstein et al. 2011 , Slane et al. 2014 , Tost et al. 2010 , Wade et al. 2014 . Our group has previously demonstrated that single nucleotide polymorphisms (SNPs) in the canine Oxtr gene are associated with social behavior in different dog breeds . These observations raise the possibility that the domestication process of dogs might have involved changes in the Oxtr gene influencing their behavior.
In this study, we analyzed allelic distribution and linkage of novel and previously identified canine Oxtr polymorphisms in a large population involving nearly 700 dogs from 10 different breeds and also 42 wolves. Genetic distance based on the SNPs investigated was also assessed by applying neighbor joining (NJ) method. Finally, we performed molecular analyses to explore features of mRNA expression and functional effects of identified Oxtr variants were also investigated.
Materials and methods

Ethics statement
According to the operative law of Hungary (Act XXVIII of 1998 on the protection and welfare of animals), non-invasive sample taking and tissue preparations from animals euthanized for purposes other than research are not animal experiments and require no ethics license. All owners volunteered to participate and approved of the genetic analyses of their animals.
Animals involved
A total of 689 purebred family dogs (Beagle, N = 70; Border Collie, N = 144; German Shepherd, N = 128; Golden Retriever, N = 43; Groenendael, N = 22; Hungarian Vizsla, N = 32; Labrador Retriever, N = 49; Malinois, N = 40; Siberian Husky, N = 138; Tervueren, N = 23); 42 wolves (34 Eurasian gray, 6 North American timber, 2 Alaskan), 6 golden jackals (Canis aureus), 8 dingos (Canis lupus dingo) and 45 Asian street dogs (pariah dog) were involved in the genetic analyses.
Brain samples from three male beagle dogs euthanized on the owner's request were obtained at the Department of Anatomy and Histology, Faculty of Veterinary Science, Szent István University, Budapest, Hungary.
Buccal sample collection and DNA isolation
Buccal cells were collected by scraping the inner cheek with cotton-tipped collection swabs. Genomic DNA was isolated by a traditional, salting-out procedure (Boor et al. 2002) .
Sequencing and genotyping
Nucleotide order of protein coding sequence as well as of 582 bp of 5 ′ untranslated region (UTR) and 585 bp of 3 ′ UTR was determined as described earlier in 6 wolves (two Eurasian gray and four North American timber) in addition to 15 previously investigated dogs (three Beagles, three Border Collies, three German Shepherds, three Golden Retrievers and three Siberian Huskies) . The 3 ′ UTR was also sequenced in 25 additional dogs (five Hungarian Vizslas and five Labrador Retrievers as well as three Beagles, three Border Collies, three German Shepherds, three Golden Retrievers and three Siberian Huskies).
Genotyping of −213A/G, 19208A/G (previously called −212A/G and 19131A/G, respectively) and rs8679684 was as described formerly in . SNPs −50C/G, −74C/G and rs8679682 were genotyped using polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method using the 5 ′ CCA TTG GAA TCC GCC CCC T 3 ′ Fw (forward) and 5 ′ CAC CAC CAG GTC GGC TAT G 3 ′ Rv (reverse) primers for both −50C/G and −74C/G and the 5 ′ GAA AGG CCA TTC TCA GGA AA 3 ′ Fw and 5 ′ CCC CCA TCA TCT TCT ACC A 3 ′ Rv primer for rs8679682. Thermocycler was set to 40 cycles [94 ∘ C for 1 min, 56 ∘ C for 30 second and 72 ∘ C for 1 min]. PCR products were digested for 3 h at 37 ∘ C (−50C/G and rs8679682) or 60 ∘ C (−74C/G) with 0.5 U/μl AvaII (−50C/G), BsiEI (−74C/G) or PshAi (rs8679682) (New England Biolabs, Ipswich, MA, USA), ×1 bovine serum albumin (BSA) and ×1 NEB4 buffer. The fragments were run on 1.5% SeaKem ® -2% MetaPhor™ composite agarose (Lonza, Basel, Switzerland) (−50C/G and −74C/G) or 2.5% SeaKem agarose (rs8679682) gel.
The −94T/C, rs22927829 and 18575C/T SNPs were genotyped by allele-specific amplification. Primer sequences were:
′ CCT TCA GGT AGC TGG AGG 3 ′ (C specific) and 5 ′ CCT TCA GGT AGC TGG AGA 3 ′ (T specific). Thermocycler was programmed at 95 ∘ C for 15 min, followed by 40 cycles of 94 ∘ C for 1 min, 60 ∘ C (−94 T/C and rs22927829) or 50 ∘ C (18575C/T) for 30 seconds, 72 ∘ C for 1 min and a final extension at 72 ∘ C for 10 min. The PCR products were run in 2.5% (−94T/C and rs22927829) or 1.5% (18575C/T) SeaKem agarose gel.
Reverse transcriptase (RT)-PCR analysis and real-time PCR
Total RNA from brain was isolated by RNeasy kit (Qiagen, Valencia, CA, USA) and DNaseI treated (Thermo Fisher Scientific, Waltham, MA, USA). A total of 1 μg RNA was reverse-transcribed with recombinant moloney murine leukemia virus (M-MLV) reverse transcriptase (Life Technologies, Grand Island, New York, NY, USA) using random primers in 20 μl volume.
Oxtr mRNA expression was assessed using quantitative real-time PCR in 15 μl final volume containing 1 μl cDNA, 1× SYBR Green qPCR master mix (Life Technologies), and 1 M Fw (5 ′ TCT TCG TGC AGA TGT GGA GC 3 ′ ) and 1 M Rv (5 ′ GCC CGT GAA GAG CAT GTA GA 3 ′ ) primer. Primers were specific for different exons in order to prevent amplification from genomic DNA. Expression of the dog Hprt mRNA were detected with TaqMan assay in 25 μl final volume containing 0.2 μ; cDNA, 1× ABI PCR master mix, gene-specific TaqMan primers and FAM-labeled probe (Life Technologies, #4331182). Denaturation at 95 ∘ C for 10 min was followed by 40 thermocycles (65 ∘ C, 15 seconds and 60 ∘ C, 1 min). Reactions were performed in triplicate in an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Expression levels of Oxtr gene were first normalized to the Hprt internal control gene and then to expression levels measured in the prefrontal cortex. Results were expressed as fold changes calculated with the formula 2 −ΔΔCt .
To analyze expression and splicing of the 5 ′ and 3 ′ UTR of canine Oxtr mRNA, 1 μl cDNA was PCR amplified with the primer pairs used for sequencing.
Plasmid constructs
A 1713 bp stretch of the Oxtr promoter/5 ′ UTR region spanning SNPs −213A/G, −94T/C, −74C/G, and −50C/G was PCR amplified using the 5 ′ GTT AAG CTT GCA CGC AAA GAG GCA GAA ATG GC 3 ′ Fw and 5 ′ CCA GGA AGA GGA TGA GGC ACA GC 3 ′ Rv primers (bold letters indicate a HindIII recognition site). The PCR product was digested with HindIII and NcoI, gel extracted and ligated into a pGL3-Basic Vector (Promega, Madison, WI, USA). In the original construct, DNA was homozygous for the alleles −213A, −94C, −74C and −50G. The −213G, −94T, −74G and −50C variants were introduced by the QuikChange Site Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) using the primer pairs Fw 5 ′ CCG GGA GGC GGC GGC GCC CCT 3 ′ and Rv 5 ′ AGG GGC GCC GCC GCC TCC CGG 3 ′ ; Fw 5 ′ GAT CCG TTC CAG GTC GGG ACC AGC AGA 3 ′ and Rv 5 ′ TCT GCT GGT CCC GAC CTG GAA CGG ATC 3 ′ ; Fw 5 ′ AGC AGA TCG GCC GCC TCG GAG TCT C 3 ′ and Rv 5 ′ GAG ACT CCG AGG CGG CCG ATC TGC T 3 ′ and Fw 5 ′ GGG AGC GGA CCC CCC GCC GCG 3 ′ and Rv 5 ′ CGC GGC GGG GGG TCC GCT CCC 3 ′ , respectively (bold underlined letters indicate the introduced mutations).
In the case of the 3 ′ UTR constructs, a 609 bp long PCR product starting right after the stop codon was generated using the 5 ′ TTT ACG CGT CCA GGC TGG GCC AGG 3 ′ Fw and 5 ′ GCT AAG CTT AGG AAT CCT CTG TTC CCA GG 3 ′ Rv primers (bold letters indicate a HindIII recognition site). The PCR product was digested with MluI and HindIII, purified and cloned into a pMIR-Report Vector (Life Technologies). The original clone was heterozygous for the CLF20OXTR1 microsatellite variants short/A and long/G. Short/G and long/A constructs were generated using site-directed mutagenesis (see above) using the primer pairs Fw 5 ′ CCT TGG TGG CTG TGT GCG TGT GTG TGT GTA TAA GG 3 ′ and Rv 5 ′ CCT TAT ACA CAC ACA CAC GCA CAC AGC CAC CAA GG 3 ′ and Fw 5 ′ CCT TGG TGG CTG TGT GCA TGT GTG TGT GTG TAT AA 3 ′ and Rv 5 ′ TTA TAC ACA CAC ACA CAT GCA CAC AGC CAC CAA GG 3 ′ , respectively (bold underlined letters indicate the introduced mutations). All constructs were confirmed using direct sequencing (Microsynth Austria Gmbh, Vienna, Austria). ′ UTR construct and 0.2 μg of -galactosidase vector for HEK293 using 2.0 μl Lipofectamine ® 2000 (Life Technologies) per well. Cells were harvested 48 (SK-N-FI) or 24 h (HEK293) after transfection and subjected to three freeze-thaw cycles. Cell lysates were centrifuged and the supernatants were kept for luciferase measurement. Luminescence for luciferase as well as optical density for -galactosidase (representing transfection efficiency) was assessed by a Varioskan Flash Multimode Reader (Thermo Fisher Scientific, Waltham, Massachusetts). Luciferase activity was normalized by -galactosidase activities. All experiments were carried out in triplicates and performed on three independent occasions.
Cell transfection and luciferase assays
Statistical and computer analyses
Statistical analyses were carried out using GraphPad Prism 5.03 for Windows (GraphPad Software, San Diego, CA, USA; www.graphpad .com). One-way ANOVA followed by Tukey-Kramer test was used for assessing differences between normalized luciferase reporter data.
Pairwise linkage disequilibrium (LD) in terms of Lewontin's disequilibrium coefficient D ′ and correlation coefficient r 2 was calculated by Haploview 4.2 program (Barrett et al. 2005) .
Population structure of the given breeds was inferred using the software tool Structure (Hubisz et al. 2009 , Pritchard et al. 2000 ), a Bayesian model-based MCMC method. The admixture model with correlated allele frequencies was used. First a parameter sweep was carried out on K (values of K ranging from 2 to 20) with 10 000 steps for burn-in and 50 000 for sampling. Each run was repeated 20 times. After evaluating the results using Evanno's method (Earl and von Holdt 2012, Evanno et al. 2005) together with statistics on log-likelihood of the data with given K , the most likely K was rerun with 10 000 burn-in and 100 000 sampling steps for validating the results. For NJ tree construction, PHYLIP package (version 3.6) was used (Felsenstein 2005) .
Results
Novel polymorphisms in the canine Oxtr gene
To identify novel polymorphisms in the canine Oxtr gene, the protein coding and the surrounding regulatory regions were determined by direct sequencing in 2 Eurasian gray and 4 North American timber wolves as well as 25 additional dogs to our previous study . Sequence alignment identified three novel polymorphic sites: the −74C/G and 18575C/T SNPs as well as a microsatellite marker at the 18772-18792 position here designated as CLF20OXTR1 (where CLF stands for Canis lupus familiaris and 20 for chromosome 20) (all positions are given relative to ATG of canine Oxtr mRNA version HM856596.1). Of these, the −74C/G variation is located in the 5 ′ UTR while the 18575C/T is found in the protein coding region and causes a serine to phenylalanine residue change at amino acid position 343 (S343F). The microsatellite marker located in the 3 ′ flanking region consisted of 9 or 10 repeats of a 2 bp module and in addition contained another novel SNP (18779G/A). All wolves sequenced were homozygous for the short (nine repeats) microsatellite version containing G at position 18779 (short/G), while among dogs, the most characteristic variant was long/G, but the putatively ancient short/G as well as short/A (but not long/A) variants were also observed (with relative frequencies 0.52, 0.22 and 0.34, respectively). Sequencing data also demonstrated that the number of repeats is in complete linkage disequilibrium with the rs8679682 SNP in all animals studied. According to our results, the short (9 repeats) allele of the microsatellite contains the C allele of the rs8679682 SNP whereas the long (10 repeats) variant carries a T at this site.
Genetic study of the identified Oxtr polymorphisms
Genotyping studies of the 18575C/T SNP involving 19 dogs of different breeds (Border Collie, German Shepherd, Groenendael, Malinois, Siberian Husky, Tervueren) and 40 wolves (34 Eurasian gray, 4 North American timber, 2 Alaskan) in addition to those sequenced revealed that all tested North American timber and Alaskan wolves were homozygous for the T allele. However, this variant was absent from both the investigated Eurasian wolves and all of the dogs.
The novel −74C/G SNP and seven additional canine Oxtr polymorphisms deposited in public databases [dbSNP, Ensembl, DoGSD (Bai et al. 2015) ] or described in : −50C/G, −94T/C, −213A/G (formerly: −212A/G), rs22927829, rs8679682 rs8679684 and 19208A/G (formerly: 19131A/G) were genotyped in a larger population involving nearly 700 dogs from 10 breeds and 40 wolves. Our results showed that these SNPs are polymorphic in canines, however, allele frequencies showed marked differences between both species/subspecies ( Fig. 1 ) and purebred dog breeds (Fig. 2) . To compare allele frequency distributions for the 8 polymorphisms, 2 probes were applied. Difference among dog breeds was significant in the case of all SNPs investigated (Table S1 , Supporting Information). Furthermore, in the case of the −50C/G and rs8679682 SNPs there was greater difference in allele frequencies between dog and wolf than among breeds. These 2 SNPs were further investigated in other canines involving 6 golden jackals, 6 Australian dingos, 38 Asian street dogs (pariah dog) and 6 Czechoslovakian Wolfdogs (Table S2) . Results indicate that regarding SNP −50C/G, allele C is more frequent in all populations investigated (including golden jackals) with the only exception of wolves. SNP site rs8679682 was monomorphic for allele C both in wolves and golden jackals, while in dogs (including the free-ranging Australian dingo and the Asian street dog pariah) allele T was dominating. In fact, the only dog breed analyzed in this study apparently monomorphic for the ancient allele C was the Czechoslovakian Wolfdog. Levels of linkage disequilibrium between the examined Oxtr SNPs were also determined in all canine populations consisting of at least 20 individuals (Figs. S1,S2 ). Only SNPs with major allele frequency (MAF) > 0.05 (with respect to the population in question) were analyzed. All dog breeds and wolves possessed SNP pairs which were in significant LD (D ′ > 0.8). However, the extent of LD was highly different between dog breeds and wolf. Differences could be observed even between dogs of the same breed originating from different countries.
Neighbor joining tree
Neighbor joining tree consisting of the above mentioned eight common Oxtr SNPs was assembled based on animals with complete genotype information (total, N = 273; Beagle, N = 17; Border Collie, N = 81; German Shepherd, N = 21; Golden Retriever, N = 22; Groenendael, N = 8; N = 22, Hungarian Vizsla, N = 8; Malinois, N = 17; Siberian Husky, N = 24; Tervueren, N = 15; Asian street dog (pariah), N = 4; dingo, N = 3; wolf, N = 22; golden jackal, N = 4). According to results of log-likelihood statistics and Evanno's method, optimal K value was estimated to be K = 4 (Fig. 3) . The most probable population structure is shown in Fig. 4 .
Although not all breeds could unambiguously be assigned to a specific branch, clear clustering patterns emerged in several cases. Wolves and golden jackals, the two wild, non-dog canine populations investigated here, clustered together and segregated from both of the free-ranging populations descended from dogs: the Australian dingo and the semi-domesticated Asian street dogs (pariahs). Representatives of the two long-haired Belgian Shepherd varieties (Groenendael and Tervueren), differing from each other essentially in coat color only, presented themselves mainly on the same branch. Malinois, the third Belgian Shepherd variety studied, however, appeared rather on another branch containing the temperamentally similar German Shepherd. Border Collies mostly segregated both from the wolf/jackal and the Belgian/German Shepherd groups (Fig. 4) .
MRNA expression and splicing analysis
Quantitative real-time PCR was performed to assess expressional differences of Oxtr mRNA between three regions of the dog brain: prefrontal cortex, amygdala and hippocampus. PCR product quality check by agarose gel electrophoresis showed no aspecific band or genomic DNA contamination (Fig. S3) . Expression levels were lowest in the prefrontal cortex and highest in the hippocampus. As compared to that observed in the prefrontal cortex, mRNA levels in the amygdala and the hippocampus showed a 2.8-and 16.4-fold increase, respectively (Fig. 5) .
In order to verify that the investigated polymorphisms are indeed located on mRNA transcripts, cDNA were amplified by the same primer pairs as used for sequencing. Gel electrophoresis of the corresponding PCR products showed clear and specific bands matching the length of the expected PCR products. Direct sequencing of gel extracted bands confirmed that the amplicons arose from Oxtr, indicating that the genetic variants studied are indeed part of the mRNA (Fig. S4 ). In the case of 5 ′ UTR, our results also gave evidence of the existence of a predicted but experimentally not yet confirmed alternative intron located −513 to −95 bp upstream from ATG (chromosome 20 genomic coordinates 9359034-9359451 according to genome annotation CanFam3.1:CM000020.3) (Fig. S5 ).
Molecular study of Oxtr variants with functional relevance
In order to explore whether polymorphisms located within putative gene regulatory regions (e.g. variations possibly affecting transcription factor binding, splicing or miRNA binding), luciferase reporter measurements were performed in two different cell lines (SK-N-FI and HEK293). Possible role of frequent polymorphisms in the canine Oxtr 5 ′ UTR was investigated using firefly luciferase plasmid constructs containing all four SNP sites identified within this region. The reference construct (5 ′ UTR-AH) possessed alleles (−213A; −94C; −74C; and −50G) characteristic of the Eurasian gray wolf, thus presumably representing the ancestral state prior to domestication. Mean relative luciferase activity values as normalized to -galactosidase activities are shown in Fig. 6 . Independent of the cell line used, neither −213A/G, −74C/G or −50C/G polymorphisms had an effect on gene expression as compared to 5 ′ UTR-AH; however, the −94T variant caused a spectacular increase in luciferase activity (ANOVA: F 4,10 = 37.98, P < 0.0001 (SK-N-FI) and ANOVA F 4,10 = 39.48, P < 0.0001 (HEK293); remaining highly significant after Tukey-Kramer post hoc test).
Possible gene regulatory effect of variants of the microsatellite marker CLF20OXTR1, predicted by miRBase to affect a binding site for the miRNA cfa-miR574, was also investigated. Segments of the 3 ′ UTR harboring either the long or short version of CLF20OXTR1 were cloned downstream of the firefly luciferase gene and alleles of the SNP 18779G/A were introduced by site-directed mutagenesis. Mean luciferase activities did not differ between the constructs long/G and short/A, neither between short/G and long/A. However, short/G and long/A haplotypes showed dramatically higher levels of gene expression than long/G and short/A [ANOVA: F 3,8 = 30.45, P < 0.0001 (SK-N-FI) and ANOVA F 3,8 = 40.70, P < 0.0001 (HEK293); remaining highly significant after Tukey-Kramer post hoc test] (Fig. 7) . 
Discussion
The domestic dog offers an unrivaled opportunity for investigating characteristics of genes involved in complex traits (Boyko 2011 , Parker 2012 . Although studies highlighting the advantages of the dog as a genetic model system mostly focus on its usefulness for mapping complex disease loci (Dodman et al. 2010 , Shearin and Ostrander 2010 , underlying features make this species equally suitable for investigating genetics of normal-range traits such as behavior (Vaysse et al. 2011) . Both the event of domestication and the establishment of breeds with strict mating control caused severe population bottlenecks (Cruz et al. 2008 , Wayne & Ostrander 2007 leading to extensive linkage disequilibrium and breed-specific enrichment of rare allelic variants, which facilitate identification and functional characterization of genes involved in complex traits ).
Moreover, domestication process itself always involves a strong artificial selection for desirable behavioral traits such as tameness, manifesting among others in an altered pattern of expression of brain-related genes (Albert et al. 2012 , Kukekova et al. 2011 , Li et al. 2013 , Lindberg et al. 2005 , Natt et al. 2012 , Saetre et al. 2004 . Investigating genes involved in behavior in purebred dogs and their ancestor, the gray wolf, is thus especially intriguing.
Here we present the results of detailed descriptive and functional analyses of the canine Oxtr gene, a key modulator in social behavior (Kumsta & Heinrichs 2013) . Genotypic data of eight common SNPs indicate considerable variation in allelic frequencies and level of linkage disequilibrium among different canine populations, including geographically distinct populations of the same breed. This is in consistency with the literature on broader genetic regions (Quignon et al. 2007 , Stern et al. 2013 ) and most probably reflects gene pool differences, founder effect and genetic drift. Allelic distributions of individual loci overlap between breeds and breed groups; however, characteristic differences also exist, possibly reflecting that Oxtr could indeed have been a selection target. Especially intriguing was the discovery of a SNP site (rs8679682) being polymorphic in dogs but not in wolves, as domesticated populations generally derive from a founder population with a limited number of individuals, resulting in a loss and not gain of genetic diversity. This possibly indicates that allele T emerged shortly after the event of domestication and became fixed in various breeds. Alternatively, allele T could be a remnant of a substantially greater genetic diversity of ancient wolves, that went through a severe population bottleneck after their divergence from the domestic dog (Freedman et al. 2014) . It is currently unknown whether the spread of allele C in the Czechoslovakian Wolfdog, a wolf-resembling hybrid breed resulting from a recent cross between gray wolves and German Shepherd dogs, is due simply to founder effect or a product of artificial selection directed to favor wolf-like features, which would suggest that either this or a nearby polymorphism exerts influence on behavioral traits. Be that as it may, an interesting aspect of this SNP is that it seems to be in strong linkage disequilibrium with length variants of microsatellite marker CLF20OXTR1 located in 3 ′ UTR, which is here shown to influence transcription efficiency. The discovery that all North-American wolves involved in this study were homozygous for an allele (18575T) totally absent from both Eurasian wolf and dog populations also fits in our current knowledge on domestication. Although it is argued, whether or not domestication was a single and monocentric event, it is widely agreed that dogs are descendants of wolves living in the Eurasian continent (Ding et al. 2012 , Savolainen et al. 2002 , Thalmann et al. 2013 .
Neighbor joining tree based on Oxtr SNPs partly reflects both phylogeny/breeding history and temperamental . Short/G: 9 GT dinucleotide repeats combined with SNP allele 18779G; short/A: 9 repeats combined with 18779A; long/G: 10 repeats combined with 18779G and long/A: 10 repeats combined with 18779A (the latter variant seems not to occur in nature). Relative luciferase intensities (mean ± SEM) normalized to control -galactosidase activities from three independent experiments are shown. ANOVA indicated statistically significant difference in luciferase activity between both long/G and short/A vs. both short/G and long/A (P < 0.0001) in the case of both cell lines. similarity, nevertheless, not even the wolf ancestor did completely segregate from dog. This underlines that even if these SNPs were important in selection for human-preferred behavior, they could only be a piece of the genetic puzzle, just as it can be expected for a complex trait. Alternatively, it might reflect that the domestic dog still shares essential common features with the gray wolf. This would be in harmony with the virtually full similarity between their genomic DNA sequences, naturally occurring hybridization events (Kopaliani et al. 2014 , Vila & Wayne 1999 ) and recurrent, though rare, reports of pet wolves with dog-like affiliation towards humans. Taken all round, human-preferred behavioral traits characteristic to dogs might not have been achieved purely by domestication, and it might not be a product of mere chance that of all wild animals, it was the gray wolf whose descendants are now considered as 'man's best friend'. Similarly, the fact that several breeds are distributed across distinct branches might reflect that polymorphisms of this gene exert their primary influence on behavioral traits different from those characteristic to specific breeds or breed groups. Former observations also indicate that personality dimensions likely to be influenced by Oxtr variations, such as sociability and aggressiveness, are general to the dog as species and are not exclusive to dog breeds (Svartberg & Forkman 2002) . Evidence also suggests that basic temperamental traits of dogs reflect rather recent than historical selection factors, including selection for working, pet and show dogs. (Svartberg 2006) . Molecular studies further support the functional-behavioral relevance of Oxtr. The observation that Oxtr is abundantly expressed in the hippocampus, a brain region crucial for cognition, memory, stress and social behavior (Kesner et al. 2004 , Rubin et al. 2014 , in itself underpins the biological basis for its role in behavior. In addition, allele T of SNP −94T/C apparently substantially enhances transcription. Given the presented results on transcript variants and the database annotation discrepancies for this genomic region, the mechanism possibly lies in alternative splicing. This would not be the first reported case of an exonic SNP affecting splicing (Crotti & Horowitz 2009 , Pagani & Baralle 2004 and, consequently, gene expression efficiency (Beer & Sahin-Toth 2014) . Furthermore, here we show that variations of the microsatellite CLF20OXTR1 in the 3 ′ UTR also interfere with gene expression. The putatively most ancient variant for which all wolves sequenced were homozygous, i.e. short version containing G at position 18779 (short/G), promotes a significantly higher level of transcription than any of the other two variants (short/A and long/G) observed in dogs. It is noteworthy that SNP site rs8679682, which was formerly found to be related to temperamental traits in dogs , is in full LD with the length of CLF20OXTR1.
In summary, our results are in accordance with those in the literature regarding the influence of Oxtr on sociocognitive skills (Carter 2014 , Gimpl & Fahrenholz 2001 . However, it seems that the observed distribution of Oxtr variants indicates Oxtr-driven variance in temperament is mostly independent of breeds. Although historical remnants of domestication can be traced in the case of certain polymorphisms, it is not unequivocal whether these slight differences were drivers or mere byproducts of domestication. According to our current knowledge, all truly wolf-specific Oxtr alleles constitute a single haplotype (rs8679682C/18779A/short version CLF20OXTR1) that both involves functional variants and also affects behavior, but the very same haplotype is also frequent in dogs. On the whole, it seems that although Oxtr variants contributing to behavioral traits desirable by dog owners do exist, selection for those is challenging. The reason behind this might be fairly complex, including incomplete penetrance, differences in expressivity, varying levels of linkage with other functional polymorphisms not identified in this study and also interplay with variants of non-linked genes such as those of the dopaminergic system (Ito et al. 2004 , Lit et al. 2013 .
Naturally, a more in-depth study of both Oxtr and other behavior-related canine genes would be necessary before drawing far-reaching conclusions. Thought-provoking though our data are, it must not be forgotten that full sequencing of regulatory regions, as well as the very same regions investigated here on a larger sample would possibly reveal further polymorphisms, whose detailed analysis could show a different picture. Mechanism of gene regulatory effect of SNP −94T/C and microsatellite CLF20OXTR1 variants would require further investigation, and possible functional relevance of polymorphisms not analyzed in this study should also be examined. Despite these limitations, the results presented here bring us a step forward to understanding the role of Oxtr variations in canine behavior and selective breeding.
UTR and (b) 3
′ UTR confirms that DNA segments spanning the here investigated common canine Oxtr SNPs are indeed transcribed. Prc, cDNA from prefrontal cortex; Amy, cDNA from amygdala; Hip, cDNA from hippocampus; Gen, genomic DNA; RT, reverse transcriptase. In (a) band 1 represents the intron containing Oxtr sequence, direct sequencing of band 2 gives inevaluable results and band 3 represents the intronless mRNA sequence. Figure S5 . Genomic context of the identified alternative intron in the canine Oxtr 5 ′ UTR. Sequence of the alternative intron is indicated by gray letters; consensus splice sites are highlighted by a light gray background. Primers used for amplification are shown by underlined letters combined with a light gray background, ATG is shown by underlined letters combined with a dark gray background. 5 ′ UTR SNPs investigated in this study (−213A; −94C; −74C; and −50G) are indicated by white letters on a dark background. Nucleotide codes used for SNPs are as follows: R: A/G; S: G/C and Y: C/T. Location of indicated sequence is chromosome 20: 9,358,876-9,359,733 (according to genome annotation CanFam3.1:CM000020.3). Table S1 . Level of Oxtr allele frequency differences between dog breeds and between dog and wolf. P values obtained from 2 tests are indicated. SNPs where dog vs. wolf differences were greater than within-breed variance are marked by asterisk (*). Table S2 . Genotypic distributions for Oxtr SNPs with higher dog vs. wolf than among-breed allele frequency variance in 19 different canine populations. Non-dog species are highlighted by a gray background (dark gray indicates wolves). Asterisk (*) marks a breed resulting from a recent cross between dog and wolf; hash mark ( # ) indicates free-ranging descendants of domesticated dogs. Where not indicated otherwise, dogs were from Hungary.
